We have synthesized and characterized two different nanoassemblies of polydiacetylene (PDA), PDA nanovesicles and PDA nanocrystals, in order to study the influence of chain packing geometry of the two nanoassemblies on their third order nonlinear optical properties. The second molecular hyperpolarizability   ; , ,
Introduction
There has been considerable scientific research on the development of efficient nonlinear optical materials with large third-order nonlinear susceptibility for photonic devices such as ultrafast optical switching, optical data storage, optical limiting etc. In this direction, conjugated polymers have been investigated extensively due to their inherently large ultrafast nonresonant nonlinearity and scope for the improvement by way of molecular engineering. Among the varieties of conjugated polymers, polydiacetylenes (PDA) exhibit large potential for photonic device applications due to the ease of processibility, variety of morphologies-crystalline or amorphous, large damage threshold and environmental as well as mechanical stability. The quasi-infinite conjugated bonding in PDA is responsible for many unique properties, such as charge transport [1] , electronic absorption at long wavelengths [2] and high third-order nonlinear susceptibilities [3] . Polydiacetylenes have fully conjugated planer backbones represented by the structural formula   1 2 R C C C C R      n , where R 1 and R 2 refer to the substituent side groups. Extensiveelectron delocalization takes place along this polymeric backbone. However, the bond alternation implies a periodic modulation of the electron charge density that produces an energy gap between a filled valence band and an empty conduction band. Therefore, PDAs are considered to be quasi 1-D semiconductors.
π
In polymeric system, the conjugated carbon backbone holds the key for interesting electronic and nonlinear optical properties, whereas the side groups facilitate structure control and material processing. One of the features of PDAs is the feasibility of modifying their properties to a considerable extent by introducing various substituents into the side groups. This suitability of modifying chemical structure of substituted side groups enables PDAs to be prepared in the form of single crystals, thin films and solutions. Polydiacetylenes have been ex-tensively explored for their nonlinear optical studies. This includes PDA-PTS [3] [4] [5] [6] , PDA-3-BCMU [7] , PDA-4-BCMU [8, 9] , PDA-9-BCMU [10] etc. More recently, some composites of PDA have also been reported to have excellent nonlinear optical properties [11] [12] [13] [14] . However, it is to be noted that most of these papers report the measurement of nonlinear optical response at a single resonant wavelength and hence did not offer any useful insight into the nonlinear optical properties of the given sample. On the other hand, spectral dispersion characteristic of second molecular hyperpolarizability    in a given spectral range is the key to understand the electronic structure-nonlinearity relationship in a given class of molecule. Moreover, the literature generally reports the investigation of nonlinearity by Z-scan technique using nanosecond pulse duration at 532 nm available from a frequency-doubled Q-switched Nd:YAG laser. However, Z-scan technique, although being very popular because of simple and single beam technique, can sometimes give misleading results because it does not differentiate between the electronic and other mechanism of nonlinearity. Also, it does not provide high enough sensitivity for the measurement of nonlinearity at moderate and safe intensity levels. On the other hand, antiresonant ring interferometric nonlinear spectroscopic (ARINS) technique reported by our group earlier [15] , apart from being a highly sensitive technique, has the unique capability of discriminating electronic nonlinearity against other mechanisms of nonlinearity based on the response time of different types of nonlinear processes. In our investigation reported here, we have used transform limited, 80 fs pulses (repetition rate 100 MHz and energy per pulse 5 nJ) from a self mode-locked Ti:sapphire laser to measure the nonlinear optical response of our sample using ARINS technique. Because of use of femtosecond pulse and establishing the ARINS setup to measure nonlinearity faster than 3 ps (described below), the nonlinearity reported in this paper is purely of electronic origin. Moreover, instead of investigating the nonlinear response at a single wavelength, we have measured the third-order susceptibility in the spectral range of 720 nm -820 nm. The subsequent spectral dispersion of second molecular hyperpolarizability has been analyzed in the framework of three-essential states model [16] and a correlation with the electronic and chemical structure of the sample has been discussed. The energy of two-photon state, transition dipole moments and the line width of transitions have also been estimated. In addition, probably for the first time to the best of our knowledge and belief, we have also explored the influence of chain coupling effects facilitated by the chain packing geometry of PDAs on their third-order optical nonlinearity. To realize this objective, we have synthesized two different types of nanoassemblies of PDA, namely, PDA nanovesicles and PDA nanocrystals in aqueous solution. The two nanoassemblies, by virtue of their basic structure, are expected to have differences in their chain packing geometry. The two samples were characterized by UV-Vis absorption spectroscopy, transmission electron microscopy (TEM) and electron diffraction (ED).
Experimental Procedure
Although Zhou et al. [17] have reported a methodology for the preparation of polydiacetylene nanovesicles, but we have synthesized the same by a little bit different method. First, we prepared an ethanol solution of the monomer, 10,12-pentacosadiynoic acid (PCDA) having concentration of 1.5  10 −2 mol/l in a test tube. The organic solvent was then purged with N 2 to give a thin film of the lipids on the glass surface of the test tube. Then deionized water was added to yield typically a total lipid concentration of 1 mM. The resulting solution was filtered through a 1.2 m filter and the filtrate was cooled at 4˚C for 12 h. Polymerization was carried out at room temperature by irradiating the solution with 254 nm UV light (100 W) for 15 minutes to induce conjugated backbone of alternating double and triple bonds. Photopolymerization yielded deep blue colour liquid containing desired nanovesicles. Polymerization reaction got completed within 15 minutes. Exposure for very long duration (>60 minutes) or radiation more intense than 1 mW/cm 2 turns the solution red presumably due to thermochromism induced by the heat generated by the absorption of radiation. A detailed explanation as well as schematic representation of the polymerization of diacetylene monomers and subsequent formation of nanovesicles has been explained in the literature [17, 18] .
For the synthesis of polydiacetylene nanocrystals, 2.5 ml of deionized water precooled to 20˚C was taken in a 2 cm diameter test tube and stirred with a magnetic stirrer at a speed such that a whirlpool was formed. In this stirring state of water, 1.3 ml stock solution of 10, 12 pentaco-sadiynoic acid (1.5  10 −2 M) was added in the form of rapid stream using a syringe. This turned the solution milky. Next, the solution was sonicated for 20 minutes in an ultrasonic bath and then exposed to UV radiation for 15 minutes. Upon UV radiation, monomer nanoassemblies got polymerized to yield a deep blue solution containing PDA nanocrystals.
The two PDA nanoassemblies were characterized by UV-Vis absorption spectroscopy, transmission electron microscopy (TEM) and electron diffraction (ED). UVVis absorption spectra were taken with Jasco V-530 UV/ Vis Spectrophotometer. The absorption spectrum of PDA nanovesicles is shown in Figure 1 . The absorption bands of -conjugated polymeric diacetylene appear with main peak at 631 nm and two secondary peaks at 582 nm and 542 nm respectively. The 542 nm peak corresponds to the vibronic peak which is seen in all polydiacetylenes. The origin of the peak at 582 nm could not be ascertained. It is our conjecture that it may be arising from the splitting of absorption peak due to the chain coupling. This can be confirmed by polarization studies which are not possible in solution and hence were not pursued further.
UV-Vis absorption spectrum of PDA nanocrystals, shown in Figure 2 , displays two peaks at 664 nm and 582 nm. The second peak on higher energy side is again a vibronic peak. The absorption spectrum of PDA nanocrystals is qualitatively similar to that of PDA nanovesicles except the peak in between the exciton peak and the corresponding vibronic peak observed in nanovesicles. If this peak was due to the splitting arising because of chain coupling, then it can be absent in nanocrystals due to different packing of linear array of chains. Both the exciton and vibronic peaks in PDA nanocrystals are red shifted relative to those seen in nanovesicles.
UV-Vis absorption spectrum does not reveal the differences between nanoassemblies of polymer chains in nanocrystals and those in nanovesicles. To accomplish this, the microstructure of PDA nanovesicles and nanocrystals was investigated by transmission electron microscopy (TEM). The TEM image was obtained using Philips CM200 electron microscope. The TEM image of Figure 3 , shows the vesicle shell structure of about 120 nm in diameter. The thickness of the vesicle shell is about 10 nm and the core size is about 100 nm. Figure 4 shows the TEM image of PDA nanocrystals, with size ranging from 500 nm to 1.5 m. To ascertain the crystalline nature of PDA nanocrystals, their TEM diffraction image was also recorded which is shown in Figure 5 . The calculated d-spacings obtained from the diffraction pattern are 2.35 Å, 1.84 Å and 1.37 Å which are similar to that reported in the literature [19] . N. J. Poole et al [20] have also reported a similar OPJ electron diffraction pattern of photooxidized polydiacetylene crystals. The TEM picture of PDA nanovesicles did not show any diffraction fringes, clearly ruling out their crystalline nature. Third-order nonlinear optical properties of the colloidal suspensions of polydiacetylene nanovesicles and nanocrystals were investigated by antiresonant ring interfereometric nonlinear spectroscopic (ARINS) technique [15] . In this technique, a laser pulse is divided into two counter propagating, grossly unequal energy pulses by a beam splitter. These pulses after passing through the sample, placed asymmetrically in the ring, get dressed with differential nonlinear phase and interfere upon their arrival back at the beam splitter which governs the extent of the transmission through the interferometer ring. One measure the nonlinear response by its transmittance as a function of intensity. One can discriminate various mechanisms of the nonlinearity differing in their response times by simply controlling the delay in the arrival time of the two counter propagating pulses in the sample through its placement with respect to the center of the ring. In our experiment, it was set to detect nonlinearities faster than 300 fs to rule out any thermal nonlinear response.
PDA nanovesicles, shown in
The typical ARINS experimental setup is shown in Figure 6 . Transform limited, 80 fs pulses (repetition rate 100 MHz and energy per pulse 5 nJ) from a self modelocked Ti:sapphire laser were used for the experiment. The incoming pulse beam was split by a 50 -50 beam splitter into two counter-propagating pulses. The two counter-propagating laser pulses inside the ring were focussed inside the sample by two identical lenses of 10 cm focal length each. In order to avoid the contribution of integrating slow nonlinearities and for the measurement of fast electronic nonlinearity only, the solution sample in 1 mm path length quartz cuvette was placed inside the ring such that the intense pulse arrived earlier at the sample in order to initiate nonlinear processes.
Energy of the incident and the transmitted pulses was measured using precalibrated photodetectors. In order to avoid any misalignment due to the fluctuating air current pressure during the course of intensity scan, the experimental setup was kept inside an enclosure made of perspex. The experimental setup was standardized using toluene which yielded with its earlier reported value determined by another nonlinear interferometric technique [21] . For the evaluation of the second molecular hyperpolarizability using Equation (1), nonlinear susceptibility
 of the solvent (water) is required. ARINS intensity scans for water with available laser power did not show any measurable nonlinearity. Its value for the evaluation of  was, therefore, taken to be zero for both the real and the imaginary parts.
A typical transmitted intensity versus incident intensity scan of ARINS for the PDA nanovesicle at 804 nm is shown in Figure 7 . Third-order nonlinear optical susceptibility of the two samples was studied over 720 nm -820 nm spectral range. The second molecular hyperpolarizability  was evaluated using [22]     
Results and Discussion
The measured N  values of PDA nanovesicles and nanocrystals in the spectral range of 720 nm -820 nm are shown in Figures 8 and 9 respectively. An inspection of the imaginary part of the nonlinearity for both samples reveals that as one scans the interrogating wavelength away from one-photon resonance i.e. from 720 nm to 820 nm, magnitude of the imaginary part of the nonlinearity first decreases and then increases. On the other hand, variation of the real part is rather flat. This observed dispersion of real and imaginary parts of N  can be described in the framework of essential states model [16] .
For one dimensional conjugated chains having 2h symmetry, the -electron states can be classified as even 2 A is one-photon allowed for light polarized perpendicular to the chain and to for light polarized parallel to the chain. Since for quasi 1-D chains, the component of transition dipole moment perpendicular to the chain is vanishingly small, these states can be treated analogous to 1 2 1 B u states of the 2h group. The electronic nonlinearity of a molecule arises from the mixing of its ground and the excited states and can be calculated within the framework of perturbation theory by summing over the response from all the states of the system. It has been shown that in organic molecules, nonlinear optical response could be adequately explained by considering only the low lying three or four states [16, 24] . In the three-level model, these have been identified as the ground state B C 0 and the lowest one-and two-photon allowed states 1 and 2 respectively. According to the perturbation expansion given by Orr and Ward [25] , the second molecular hyperpolarizability in this case is given by   ; , ,
where is a constant that depends on the frequency and degeneracy of a given optical process, lm K  is the electronic transition dipole moment between states l and m , and T and mn represent the triple and double sums respectively which include the damped energy dispersion terms in the denominators as in Equation (43c) of Ref. [25] . In particular, 121 and 11 represent the contributions from the two-photon and one-photon transition channels respectively while the remaining part 111 is nonzero only for noncentrosymmetric structures [26] . We found that the two-essential states model comprising the ground state and a onephoton state cannot describe the observed dispersion of T D T N  of the two PDA nanoassemblies. However, the three-essential state model involving the ground state, a one-photon excited state and a two-photon excited state describes the nature of observed dispersion satisfactorily. We have pointed out above that as the interrogating wavelength moves away from one-photon resonance i.e. from 720 nm to 820 nm, magnitude of the imaginary part of the nonlinearity first decreases and then increases. On the other hand, variation of the real part is rather flat. Such a scenario is indeed anticipated in three-essential states model when one-and two-photon channels are placed with respect to the spectral region of interest (photon energies of the exciting radiation) such that their respective negative and positive contributions to the imaginary parts of the nonlinearity interfere destructively, i.e. mutually cancel each other partially and their contributions to the real part reinforce each other to yield its rather flat dispersion. Since the one-photon channel contribution below resonance, as is the case here, will always be negative, its reinforcement by two-photon channel would mean a negative contribution from this channel as well. This would imply the two photon energy of the excitation radiation being larger than the transition energy of the two-photon channel over the entire spectral region addressed in our experiments. Considering the fact that a two-photon allowed energy state 2 1 A g has been observed lying above one-photon state 1 B u at ~2.85 eV in polydiacetylenes [7] and one-photon allowed state in our samples is located above the higher energy end of the spectral range of investigation (1.72 eV -1.51 eV), the above mentioned situation is, in fact, applicable here. We, therefore, consider the three-essential states model for the quantitative description of our experimentally observed spectral dispersion characteristic of 
 
Im N  for the two samples. The three-essential state model, however, describes the nature of observed dispersion satisfactorily only when we consider a more realistic hyperbolic secant line shape instead of Lorentzian shape. This is because, the theoretical description for hyperpolarizability should take into account the inhomogeneously broadened absorption line profile of the electronic transitions of the molecules. We find that sech hyperbolic function, as suggested in Ref.
[27], provides a better description for the linear absorption spectrum than the Lorentzian and hence the dispersion of the nonlinearity.
The striking feature of the dispersion characteristics of the two nanoassemblies, as shown by Figures 8 and 9 , is the crossover from negative to positive values of
Im N  . This crossover from negative to positive values of
Im N  in polydiacetylene nanovesicles occurs at ~772 nm, nearly 16 nm below than that for polydiacetylene nanocrystals. As we have already pointed out above, this crossover results because of the location of one-and two-photon states with respect to the photon energies of the exciting radiation such that their respective negative and positive contributions to the imaginary parts of the nonlinearity interfere destructively and mutually cancel each other at a certain wavelength. The complete cancellation of  Im N   for the two PDA nanoassemblies at a particular wavelength makes both of these samples potential candidates for photonic device applications around that particular wavelength of interest. The best-fit parameters for the two samples are given in Table 1 . It can be seen that the two-photon state in both nanoassemblies occurs at nearly same energy ~ 2.85 eV, a value in excellent agreement to the earlier reported value for the two-photon state energy in other polydiacetylenes [7, 9, 28] . Slightly higher values of transition dipole moments 01  and 12  as well as of the ratio 12 01
  are predicted for nanocrystals. Polymer chains are relatively more strained in case of nanovesicles due to the positive outward pressure. This may be partly responsible for the differences in their properties of electronic structure. Higher transition moments in conjuncttion with the lower energy for the one-photon state in nanocrystals by ~0.1 eV are responsible for the higher negative value of the nonlinearity at shorter wavelengths in nanocrystals. Also, lower energy of the one-photon allowed transition increases the span of its dominance over the spectral range of interest and hence the complete cancellation of the for the two nanoassemblies as shown in Figures 8 and 9 respectively, we see that the PDA nanocrystals exhibit higher nonlinearities as compared to PDA nanovesicles. Here, we are offering a plausible explanation for the enhancement of nonlinearity in PDA nanocrystals. We have already stated above that the diffraction fringes in the TEM picture of PDA nanocrystals confirm their crystalline nature, indicating that the nanocrystals are having orderly arrangement of conjugated polymer chains. It has been observed that in conjugated molecules the cubic hyperpolarizability increases very rapidly with the molecular dimensions according to a power law as against that in saturated molecules with the same number of valence electrons [29] . According to the free electron model of Rustagi and Ducuing, the cubic hyperpolarizability of  conjugated molecules scales as the fifth power of the chain length [30] . Agrawal et al. calculated  for polydiacetylenes in the tight binding approximation and predicted the sixth power dependence on the chain length [31] . Since the PDA nanocrystals are having the orderly arrangement of polymer chains, the enhancement in the nonlinearity shown by them is proportionate to their chain length. On the other hand, the TEM picture of nanovesicles did not show any diffraction fringes and thus rules out their crystalline nature. This is further substantiated by the presence of third peak in between the exciton peak and the vibronic peak in nanovesicles, as compared to that of nanocrystals. We have inferred above that presence of this peak in nanovesicles might be because of splitting of chain coupling, thus preventing them from having an ordered set of polymer chains. Moreover, the strain on polymer chains due to the positive outward pressure in nanovesicles may also be contributing in disrupting the chains from making an ordered array of chains and thereby showing lower values of cubic hyperpolarizability. We can, therefore, infer that the arrangement of polymer chains in PDA nanocrystals is more favorable for higher nonlinearity than that in nanovesicles. However, it has been reported by Chen et al that the nonlinearity of PDA nanovesicles can be further enhanced by coating the outer and inner surface of the nanovesicles with silver nanoparticles [14] . They have observed the seven times enhancement in nonlinearity in the coated nanovesicles as a result of local field enhancement under the surface plasmon resonance of silver nanoparticles at the interface of PDA/Ag nanocomposites. We are of the opinion that further research in this direction may result in better understanding of the chain coupling effects of PDAs as well as the coupling between the -electrons of the polymer and the free electrons of the metal nanoparticles in case of polymer-metal nanoparticles composites, which may lead to the development of novel, efficient and tunable nonlinear optical materials with large third-order nonlinear susceptibility. π
Conclusion
We have synthesized and studied the spectral dispersion of third-order nonlinear optical susceptibility of two different nanoassemblies of polydiacetylenes, namely PDA nanovesicles and PDA nanocrystals. Their nonlinear optical properties were investigated by the antiresonant ring interferometric nonlinear spectroscopic (ARINS) technique using femtosecond modelocked Ti:sapphire laser in the spectral range of 720 nm -820 nm. The observed spectral dispersion characteristics of N  of the two samples have been analyzed in the framework of three-essential states model. While energy of the twophoton allowed state was found to be the same in both nanoassemblies, higher values of transition dipole moments for the one-and two-photon allowed channels were seen in PDA nanocrystals. Strain on polymer chains due to the positive outward pressure in nanovesicles may be partly responsible for the differences in the properties of their electronic structures. It is inferred that nanocrystals with linear arrangement of chains may be more favorable to achieve higher values of nonlinearities.
